should involve synergistic nerves for which new function can be easily learned. In addition, these nerve transfers should involve motor branches transferred to recipient nerves very close to their muscle entry point to minimize delayed reinnervation and, consequently, enhance results. In patients with a mid-spinal cord lesion, the rationale is to transfer nerves with their motor neuron pool above the lesion to paralyzed nerves with a motor neuron pool below or at the lesion site.
For elbow extension reconstruction, transfer of axillary nerve branches to triceps motor branches has been proposed, while the branch of the supinator muscle has been transferred to reconstruct thumb and finger extension. [3] [4] [5] [6] In spinal cord injuries, the use of nerve transfers is very new, and no clinical series have yet been published. In this paper we report our results on nerve transfers to reconstruct elbow, thumb, and finger extension in 13 upper limbs from 7 patients with tetraplegia.
Methods

Study Patients
From July 2011 to December 2012, a consecutive series of 6 male patients and 1 female patient, with a mean age of 26 years old, underwent surgical reconstruction an average of 7 months after their spinal cord injury. We included in our study only patients with complete spinal cord injury, at the C-6 spinal cord level, with less than 24 months of injury, and total paralysis of the lower limbs and perineal anesthesia. We excluded from the study patients without active wrist extension and those with incomplete tetraplegia. The local ethics committee approved this study, and all patients provided written consent prior to their participation.
In 13 upper limbs, shoulder motion, elbow flexion, and wrist extension were preserved and are the main subjects of this study. In 1 upper limb, shoulder motion was preserved, but elbow flexion and all function of the wrist and hand were absent. All patients had light touch perception preserved on the lateral aspect of the hand. Details of the patients and procedures are listed in Table 1 .
Surgical Procedures
Under general anesthesia without muscle relaxants, both upper limbs underwent surgical reconstruction.
Elbow Extension Reconstruction
Through an axillary incision, the axillary nerve was dissected and electrically stimulated to check for functionality using an insulated 21-gauge needle (Contiplex D, B. Braun Melsungen AG) connected to a nerve stimulator (Stimuplex HNS 11, B. Braun Melsungen AG). The triceps long and upper medial head branches were identified, dissected proximally, and sectioned. In 9 upper limbs, the entire posterior division was sectioned as distally as possible and connected to the triceps branches. In 2 limbs, a branch to the middle deltoid together with the posterior division of the axillary nerve was used because only weak contractions were observed following posterior division stimulation. In the 2 remaining upper limbs, both in the same patient, electrical stimulation of the posterior division produced no muscle contraction, so the entire anterior division of the axillary nerve was used as a donor for transfer. All nerve coaptations were performed without any tension, with redundant length of the nerve stumps in such a way that motion of the upper limb, tested intraoperatively, did not disrupt the nerve coaptation. Nerve coaptation was secured using 9-0 sutures (Fig. 1) . Details of the surgical technique can be reviewed elsewhere; 1 patient in this study was reported on previously in another paper. 3 
Thumb and Finger Extension Reconstruction
Through a posterior incision in the proximal third of the forearm, the posterior interosseous nerve was identified between the extensor carpi radialis brevis and the extensor digitorum communis after sectioning of the supinator muscle. The 2 branches to the supinator muscle arising from the posterior interosseous nerve were divided distally, while the posterior interosseous nerve was divided proximally but distal to the emergence of the supinator nerves. Supinator branches were then connected to the posterior interosseous nerve without tension using 9-0 sutures (Fig. 2) . Details of the surgical technique can be obtained elsewhere. 3, 5 In 1 patient, an anterior elbow approach was used.
Before division for coaptation, all triceps branches and the posterior interosseous nerve were electrically stimulated. If muscle contraction was observed, palsy was deemed of central origin; if no muscle contraction was elicited, palsy was deemed of peripheral origin. The schematic representation of the nerve transfer procedure is depicted in Fig. 3 .
Postoperative care
Postoperatively, an above-elbow cast including the wrist was worn for 7 to 10 days. Caregivers were advised to avoid applying any pressure to the axillary region during patient transfers, as this could disrupt nerve coaptation.
Patients received no special physiotherapy training. They received 4 cycles of 5 doses of nandrolone, 50 mg in the men and 25 mg in the 1 woman, administered intramuscularly once every 15 days, with an interval of 30 days between cycles. During postoperative visits, patients were instructed that supination would produce thumb and finger extension. No particular training was administered to teach them that elbow extension was linked to deltoid activity.
associated Procedures
After recovery of thumb and finger extension, at least 1 year after the initial surgery, distal radio-ulnar fusion was performed to avoid inadvertent supination during thumb and finger extension in 6 upper limbs. In 2 upper limbs, absence of proximal interphalangeal extension was addressed using House's 11 procedure in the index and middle finger; in the ring and little finger, this problem was addressed by suturing the transverse lateral bands together over the extensor apparatus at the proximal interphalangeal joint, which produced centralization of the lateral bands of the extensor apparatus. House's procedure consists of using a tendon graft as a loop around the neck of the metacarpal, sutured on the extensor mechanism of 2 adjacent fingers.
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In 2 other upper limbs, only centralization of the lateral bands over the proximal interphalangeal joints of the middle and ring fingers was performed. We immobilized the proximal interphalangeal joints in extension for 3 weeks using K-wires.
Postoperative evaluation
At the last visit, which occurred an average of 19 months after surgery, range of motion and strength of shoulder abduction, elbow extension, and thumb and finger extension were measured, with strength scored according to the British Medical Research Council (BMRC) guidelines. 13 Supination was evaluated with the elbow flexed and extended. In those patients who ultimately underwent distal radio-ulnar fusion, this was conducted immediately before fusion surgery.
results
Among the 27 recipient nerves, we identified a peripheral type of palsy in 22. At the time of the final postoperative assessment, elbow extension scored BMRC Grade M4 and was under full voluntary control in 11 upper limbs. In 2 upper limbs within the same patient, elbow extension scored Grade M3. All patients improved at selftransferring and controlling their wheelchairs.
Full thumb extension scoring M4 with the wrist in a neutral position was observed in 8 upper limbs. In 4 hands, thumb extension scored M3. In the last limb, active motion was observed but limited to half the full range (Grade M2). Full metacarpal extension scoring M4 was demonstrated in 12 hands, and this clearly improved hand span. Finger extension scoring M3 with only partial range of motion at the metacarpal phalangeal joint was observed in the remaining 1 limb. Active extension at the proximal interphalangeal joint was observed in only 6 hands. Six patients learned to control unwanted supination during active thumb and finger extension, either by contracting their pronator teres muscle, which was weak but preserved in 4 patients, or by using the weight of the limb to counteract supination. After distal radio-ulnar fusion, all patients improved their hand span. Six patients intentionally limited their hand span prior to their fusion procedure to avoid unwanted supination. After surgery, all patients extended their thumb and fingers without restriction. None of the patients complained about losing forearm rotation.
After surgery, no decreased function was demonstrated at donor sites. No patient lost abduction strength or shoulder range (Table 2) . Before distal radio-ulnar fusion, supination was preserved either with the elbow flexed or extended. Videos 1 and 2 show the results in 2 patients. 
Discussion
In our series of 13 upper limbs, elbow extension was predictably restored after axillary nerve branch transfer. All but 1 patient recovered Grade M4 strength. In the single case of Grade M3 recovery, the patient was almost 40-years old, the oldest patient in our series, and underwent the operation 18 months after trauma for a peripheral type of palsy. A peripheral type of palsy was evident in 22 of the 27 recipient nerves. Peripheral palsy leads to Wallerian degeneration and muscle denervation with subsequent atrophy. Successful muscle reinnervation depends on the time between injury and repair. 14 In spinal cord trauma, peripheral palsy results from neuronal death at the site of the spinal cord injury. 18 The high number of peripheral-type injuries we observed reinforces our initial belief that patients with tetraplegia should undergo operations within 1 year of their trauma. [3] [4] [5] [6] Of interest was the potential for improvement, even after 18 months of peripheral palsy, following a distal nerve transfer. We have deemed palsy to be of peripheral origin when intraoperative electrical stimulation of a given motor branch produced no muscle contraction. This was our gold standard because electrical stimulation under direct visual control eliminates the risks of sampling errors, which might occur following percutaneous electrical stimulation during routine electrophysiological examination. In this regard, our last 3 patients underwent electromyographic assessment of the triceps and extensor digitorum communis muscles, which demonstrated muscle denervation (not reported). We did not request preoperative electrophysiological examination in our first 4 cases because such a large extent of peripheral paralysis was unexpected. However, even in the situation of central paralysis, with preserved muscle trophism, we would recommend yearly surgery. At the moment, there is no clinical evidence that functional reinnervation of muscles following longstanding central paralysis is possible. In rats, it was demonstrated that muscles chronically paralyzed after long tract lesions of the spinal cord can be reinnervated, although strength recovery is limited to half of normal strength.
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In our first case report on a similar patient, we transferred only the teres minor nerve for triceps reinnervation. 4 In the present series, in no instance did we identify strong contractions of the teres minor nerve upon nerve stimulation, so we proceeded to harvest the entire posterior division of the axillary nerve, which also innervates the posterior deltoid muscle. 6 We had not attempted this before, because we were afraid of losing the posterior deltoid muscle as an option for transfer in case of failure. This is no longer of major concern because of the predictability of triceps muscle reinnervation by nerve transfer. Indeed, in cases of nerve transfer failure, the biceps muscle nerve can still be transferred to the triceps muscle, provided that the brachialis motor branch has not been used to reinnervate finger flexors. In such a situation, supination would be lost because the motor branch of the supinator would have been used to reinnervate the posterior interosseous nerve. However, as observed herein after distal radio-ulnar fusion, patients with tetraplegia at the C-6 level can cope without supination. In fact, they do not use forearm rotation because pronation is already impaired. In 2 upper limbs, we used the branch to the middle deltoid, and in 2 others we used the entire anterior division of the axillary nerve because the posterior division was paralyzed. Despite this method, patients experienced no deficits in shoulder function and did not complain of either weakness or fatigability. Possibly, the innervated suprascapular muscle compensated for the axillary nerve palsy. In fact, what we observed was improved shoulder abduction after harvesting axillary nerve branches for triceps muscle reinnervation. One possible explanation relates to augmented upper-limb use postoperatively. Preoperatively, if patients attempted abduction above horizontal, because of triceps paralysis, the forearm dropped down over their heads. This was corrected postoperatively, allowing patients to use their upper limb above horizontal. An interesting observation was that the anterior division of the axillary nerve, which innervates the anterior and middle deltoid muscles, 6 was preserved in all patients, whereas posterior deltoid muscle innervation was impaired in 4 upper limbs. This suggests that the anterior deltoid muscle receives substantial innervation from the C-5 spinal cord level, which was not damaged in our patients. On the other hand, peripheral paralysis of the posterior division of the axillary nerve would be associated with damage to motor neurons at the C-6 spinal cord level, which would contribute substantially to posterior deltoid innervation.
Among the 13 upper limbs, thumb and finger extension were restored in 12. We had only 1 case we considered a failure because of partial recovery, which could have been caused by a poor donor nerve or a technical problem during surgery. In this patient, we dissected the supinator nerve via an anterior incision over the elbow, because we used the brachialis tendon prolonged with a tendon graft to reconstruct finger flexion. We initiated immediate active finger flexion to avoid tendon adhesions with surrounding tissues, which would preclude tendon graft gliding and ultimately finger motion. Hence, because of the proximity of our tendon graft with the supinator to the posterior interosseous nerve transfer, we cannot exclude partial disruption of the coaptation site. Possibly a posterior arm approach, as performed in the remaining cases, would had been safer. Of particular importance was restoration of thumb motion and stability. None of our patients required any stabilization procedure such as thumb carpometacarpal fusion. We believe that the improved thumb stabilization our patients experienced resulted from reinnervation of their extensor pollicis brevis and abductor pollicis longus muscles. In general, patients with tetraplegia allow gravity to flex their wrist, extending their fingers via a tenodesis effect.
14 However, in this position grasping is weak and awkward. Our patients could extend their thumb and fingers with their wrist either in the neutral position or extended, which improves grasping. The supinator nerve shares its level of innervation with wrist extensors. 6 Hence, the stronger wrist extension is, the better supinator nerve quality is. However, we observed that even patients with weak wrist extension (i.e., Grade M3) can benefit from supinator nerve transfer. The initiator of thumb and finger extension motion was supination. In 6 patients, strong thumb and finger extension produced supination because of biceps muscle activation and the absence of active pronators. When we manually stabilized forearm rotation, we observed improved thumb and finger extension. In those patients in whom we fused the distal radio-ulnar joint, improved finger motion resulted in no noticeable deficits or complaints from patients about losing forearm rotation.
We used small doses of nandrolone during the postoperative period. Nandrolone decanoate is an anabolic steroid, which in a rat model of deficient reinnervation was found to accelerate nerve regeneration by 40%. 8, 9 Nandrolone in low doses is safe and has few adverse effects. 15 Anabolic steroids can be bought with a prescription in several countries, including the US, 15 although nandrolone has received FDA approval only for the treatment of renal insufficiency anemia. 16 However, its use in clinical conditions associated with muscle wasting has increased markedly in recent years in the US.
conclusions
In this study we describe how we performed initial nerve surgery bilaterally in a single stage with a short immobilization period. This procedure represents a major advantage relative to previous tendon transfer procedures, which required multiple-stage surgery and prolonged periods of immobilization. 12 As such, we believe that nerve transfers are a reliable alternative for elbow, thumb, and finger extension reconstruction in patients with tetraplegia, and should be performed within 12 months of injury, provided that the large majority of paralysis is associated with muscle denervation.
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